Introduction {#s0005}
============

Due to their tunable chemical properties, biocompatibility, and flexible three-dimensional physical structures, hydrogels or aquagels, networks of water-soluble polymers, are applied in various fields of study, including pharmaceutical engineering, biomaterials science, and biomedical engineering [@b0005], [@b0010], [@b0015], [@b0020]. Nano-hydrocolloids in submicron dimensions are developed to obtain excellent advantages for drug delivery purposes via conjugating the polymeric networks with additives, such as drugs and proteins [@b0025], [@b0030]. The synthesis of nano-sized hydrogels has attracted substantial attention in the recent years and different methods, such as biopolymers modification [@b0035], [@b0040], [@b0045], [@b0050], [@b0055], free radical polymerization [@b0060], microfluidics [@b0065], and polymerization via reverse microemulsion [@b0070], [@b0075], [@b0080], [@b0085] have been employed in the preparation of nanogels. The aforementioned methods have some deficiencies and superiorities. For instance, it was discovered through an eloquent series of studies that the exact controlling of the size of the hydrogels generated via the polymerization method in the inverse microemulsions avoids the variation in the hydrogel morphology and multi-steps synthesis present in other reported methods [@b0035], [@b0040], [@b0045], [@b0050], [@b0055], [@b0060], [@b0065]. Moreover, different research groups have recently focused on the reverse micelles approach due to their wide application as a matrix to synthesize the nano-sized hydrogel particles and nano reactor for aqueous reactants [@b0070], [@b0075], [@b0080], [@b0085].

These generated nanogels are networks of hydrophilic polymers, which are easily assembled in the aqueous core of reverse micelles. It is noteworthy that the size and shape of the nanogels obtained from the polymerization approach via the droplet reverse microemulsions are easily managed by the polar solvent-to-surfactant molar ratio [@b0070], [@b0075], [@b0080], [@b0085]. In some practical applications, additives (i.e. drugs, DNA, magnetic particles, and cells) can be physically bonded inside the water nanodroplets, and these generated nanodroplets are stabilized via inclusion of a surface-active agent, such as AOT in bulk non-polar solvent to afford the final in reverse microemulsion [@b0070], [@b0075], [@b0080], [@b0085]. Accordingly, the above-mentioned background, in the XG-loaded AOT reverse micelles (RMs), nano-sized water droplets containing XG (nanogels) are formed and dispersed by surfactant film of sodium di-2-ethylhexylsulfosuccinate (AOT, Aerosol OT) in the bulk apolar solvent of decane oil. Herein, the dynamic behavior of the AOT RM system contains polymer influenced by the interaction present between the polymer and the droplets or surfactant that in turn leads to adsorbing or non-adsorbing polymers in the water/surfactant interface or the water nano-droplet core, respectively [@b0090], [@b0095], [@b0100], [@b0105]. Moreover, the length scale and molecular weight effects of different polymers on AOT RM system have been thoroughly investigated [@b0090], [@b0095], [@b0100], [@b0105], [@b0110], [@b0115]. However, the underlying details on preparation of nanogels of XG biopolymer at various concentrations in the water-in-decane AOT reverse micelle systems were not notified, to the best of the author's knowledge.

It is important to mention that XG is a hydrophilic polysaccharide with cellulose-like backbone fabricated by the *Xanthomonas campestris*. The preliminary structure of this biopolymer contains side chains and cellulose-like chain ([Fig. 1](#f0005){ref-type="fig"}) [@b0120]. The anionic portion of XG biopolymer is due to the presence of the pyruvic and glucuronic groups in the side chains [@b0125]. The XG is a biopolymer with a widespread range of usages in various fields, such as pharmaceutical, food, agricultural, and textile industries owing to its rheological properties. For instance, the XG has received a growing attention in various fields such as pharmaceutical formularization as a disintegrant, gelling agent, and binder because of its high viscosity at the polymer low concentrations. In addition, this polymeric species has been utilized as the key agent in the controlling and retarding process of drug release due to its gelling character and ability of encapsulating the drug within the gel as well as the drug delivery to the target area without creating a toxic effect [@b0130]. Furthermore, the natural polysaccharides, such as xanthan and guar gums are selectively degraded in the colon, but not in the stomach and/or in small intestine [@b0135]. Thus, utilizing these biopolymers in colon drug delivery is a good approach in treatment of colon-associated diseases [@b0140]. Accordingly, in the present work, the dynamic of the nano-scale water droplets comprising XG in the water/AOT/decane RMs system at different XG concentrations and at *W* = \[H~2~O/AOT\] = 40 as a function of MFD using the DLS technique was investigated.

Experimental {#s0010}
============

Materials and preparation of entrapment--XG water nanodroplet (XG nanogels) {#s0015}
---------------------------------------------------------------------------

The AOT (purity \> 99%), decane (purity \> 95%), and XG were purchased from Sigma--Aldrich (Taufkirchen, Germany).

To prepare the AOT-templated nanogels of XG, the weighed powder of the biopolymer was initially dissolved in deionized water with a certain concentration (namely, 0.001) at room temperature. The polymer-to-water mass ratio, *Y* = *m*~polymer~/*m*~H2O~ [@b0145], was specified as the concentration of XG in the AOT RMs. The water-containing AOT inverse micelles were prepared via mixing the appropriate mass value of the AOT, decane, and water containing different concentrations of XG at the fixed H~2~O-to-AOT molar ratio (*W* = 40). In the final step, the AOT RM was diluted with non-polar solvent of decane following the certain mass fraction of nano-droplet [@b0145] at room temperature (RT).

Theory of dynamic light scattering {#s0020}
----------------------------------

To study the inter-nanodroplet interactions by the collective diffusion coefficient of AOT nano-micelles, the DLS technique (also known as Quasi-Elastic Light Scattering (QELS)) or Photon Correlation Spectroscopy (PCS), was used to characterize the size distribution of nanometer-sized water droplets by a digital correlator [@b0150], [@b0155], [@b0160], [@b0165], [@b0170]. The DLS technique utilized the time auto-correlation function to analyze the modulation of the scattered light intensity passing through a colloidal solution comprising submicron droplets. The scattered light intensity of AOT RMs was then monitored with time, which depends on the droplet size, Brownian motion of nano-droplets and their diffusive behavior in solution as well as viscosity of the continuous phase. Dynamic light scattering of the dispersed droplets was then investigated based on the fluctuation of the scattered intensity of *I*(*t*). The autocorrelation function of the scattered light, *g*^2^(*q*, *τ*), of AOT RMs was studied between the intensity of *I*(*t*) at *t* and *I* [@b0150], [@b0155], [@b0160], [@b0165], [@b0170] using the following Eq. [(1)](#e0005){ref-type="disp-formula"}.$$g^{2}(\tau) = \frac{\langle I(t)I(t + \tau)\rangle}{\langle I(t)\rangle^{2}}$$

According to Eq. [(1)](#e0005){ref-type="disp-formula"}, the correlation between the signal intensities at *t* and *t* + *τ* increased as *τ* decreased and consequently *g*^2^(*τ*) tends toward 1 [@b0150], [@b0155], [@b0160], [@b0165], [@b0170]. The required time for decaying the auto-correlation function of micelles to zero was dependent on the size distribution of nano-droplets. Notably, the normalized auto-correlation function of *g*^2^(*τ*) was related to the auto-correlation function of the scattered light electric field, *g*^1^(*τ*), following the Siegert relationship [@b0150], [@b0155], [@b0160], [@b0165], [@b0170].$$g^{2}(\tau) - 1 = A|g^{1}(0)\exp( - \mathit{DQ}^{2})|^{2}$$

In which, *A* (0 \< *A* \< 1) was the experimental coherence factor, *D* was the diffusion coefficient and *Q* was the scattering vector. The magnitude of the scattering vector was related (Eq. [(3)](#e0015){ref-type="disp-formula"}) to the wavelength of the X-ray or laser, the scattering angle of *θ*, and *n*, the refractive index of solvent [@b0150], [@b0155], [@b0160], [@b0165], [@b0170].$$Q = \frac{4\pi n}{\lambda}\sin\left( \frac{\theta}{2} \right)$$

Notably, when the particles were in mono-dispersed form, the autocorrelation function of *g*^1^(*τ*), exhibited a single exponential decay curve [@b0150], [@b0155], [@b0160], [@b0165], [@b0170].$$g^{1}(\tau) = g^{1}(0)\exp( - \mathit{DQ}^{2})$$where *DQ*^2^ defined as the inverse correlation time namely *Γ* [@b0150], [@b0155], [@b0160], [@b0165], [@b0170], [@b0175], [@b0180], [@b0185], [@b0190], [@b0195], [@b0200], [@b0205], [@b0210], [@b0215], [@b0220].$$D = \Gamma/Q2$$

It is important to note that as the fluctuations in light intensity changed more slowly, increasing the sizes of droplets resulted in a slower relaxing exponential with a smaller relax constant, whereas decreasing the sizes of droplet led to a rapidly relaxing exponential function with a large relax constant. Therefore, the inverse correlation time is inversely proportional to the nano-droplet size [@b0145], [@b0150], [@b0155], [@b0160], [@b0165], [@b0170], [@b0175], [@b0180], [@b0185], [@b0190], [@b0195], [@b0200].

Finally, the diffusion coefficient of AOT micelles was changed to the hydrodynamic radius following the Stokes-Einstein relation [@b0150], [@b0155], [@b0160], [@b0165], [@b0170]:$$r_{h} = \frac{K_{B}T}{6\eta\pi D}$$in which, *T* was the temperature in K, *K~B~* was a Boltzmann's constant, and *η* was the viscosity of the continuous phase in the AOT RMs.

The reorientation time, *τ~r~*, for spherical droplets containing xanthan gum in the AOT reverse micelles was obtained based on the Stokes-Einstein-Debye (SED) relation [@b0150], [@b0155], [@b0160], [@b0165], [@b0170].$$\tau_{r} = \frac{4\pi\eta r_{h}^{3}}{3K_{B}T}$$where *K~B~* was Boltzmann's constant, *r~h~* was the hydrodynamic radius of nano-scale droplets, *T* was the temperature in K, and *η* was the viscosity of the bulk phase in the water/AOT/decane microemulsion.

Results and discussion {#s0025}
======================

The correlation function with relaxation time for W/O droplet microemulsions containing XG is depicted in [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}. As observed from [Fig. 2](#f0010){ref-type="fig"}, the auto-correlation function of micelle at MFD = 0.1, showed a shorter diffusion time compared with the other AOT reverse micelles. A through comparison of [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"} revealed that the auto-correlation function of AOT water-in-oil microemulsion droplet at MFD = 0.1, exhibited shorter diffusion time compared with the other AOT reverse micelles. To obtain the relaxation rate, *Γ*, and the diffusion coefficient, *D*, of nano-scale water droplets, the auto-correlation function was fitted with a single exponential curve following Eq. [(2)](#e0010){ref-type="disp-formula"}. The relaxation rate of AOT inverse microemulsion versus MFD is shown in Fig. 1s. According to this figure, various concentrations of XG in the AOT water nanodroplets versus MFD resulted in changing the inverse correlation time of AOT RMs.

In general, it was found that by changing XG concentration in the AOT reverse micelles, variation of the size and diffusion of water droplets as well as the inter-nanogel interactions, versus mass fraction of droplet was observed. A careful analysis of diffusion of the AOT RMs comprising XG versus MFD, revealed that the collective diffusion for AOT micelles containing XG showed a negative slope as a function of MFD at concentration value of 0.0000079 and a positive slope at concentration of 0.0000625 ([Fig. 5](#f0025){ref-type="fig"}). Importantly, the nature of interaction of AOT droplets changed from attractive to repulsive force as concentration of XG biopolymer increased as a function of MFD. This observation was due to the fact that adsorbing XG polysaccharide at interfacial of AOT micelles, induced repulsive interaction of the droplet-droplet as a consequence of the increasing concentration of XG biopolymer in the AOT RMs [@b0175], [@b0225]. On the other hand, non-adsorbing the XG biopolymer in core of droplets and decreasing the concentration of XG polysaccharide in the AOT RMs induced an attractive interaction between water droplets based on Asakura--Oosawa (AO) model of depletion interaction [@b0175]. The fact that changing the size of droplet and the inter-droplet interactions affected changing content of oil in the RMs system has been proved by other research groups [@b0145], [@b0180], thus further supporting the current observations.

It is worth to note that in the spherical water-comprising AOT reverse micelles, H~2~O/AOT interactions were less desirable than H~2~O/H~2~O and/or AOT/AOT interactions due to size effects in the nanometer-sized structures [@b0210], [@b0215]. It is well known that both sizes and interactions of water-soluble macromolecules affected the dynamics of water droplets in Reverse micelles [@b0220], [@b0225]. As observed in [Fig. 6](#f0030){ref-type="fig"}, the average size of nanogels was determined by interpreting the diffusion coefficient of micelles, as the hydrodynamic radius using the Stokes-Einstein relation. As is apparent in [Fig. 6](#f0030){ref-type="fig"}, the hydrodynamic size of water droplets decreased as polysaccharide concentration of XG increased in the AOT inverse microemulsion. Notably, change of size of the micellar core via adding an additive in the water-comprising AOT reversed micelles has been reported by others [@b0145], [@b0205].

To support this phenomena, it was proposed that (i) biopolymer of XG acted as co-surfactants; thus, by increasing the concentration of the XG biopolymer in the AOT RMs, the interfacial surface of AOT micelles increased. This led to enhancing the number of water nanodroplets and decreasing their sizes, as observed experimentally. (ii) Some parts of XG or their ends may be adsorbed to the surface of the AOT molecules as an active agent at the interfacial of AOT micelles, while the other parts may be non-adsorbed in the core of water droplets. After this observation, the elastic energy of XG molecules may result in decreasing the size of the droplets [@b0185], [@b0190]. (iii) Furthermore, reduction in droplet sizes was attributed to decrease in overlapping the interface domain of inter-droplets, which in turn causes the decreased strength of the attractive interaction [@b0185], [@b0190]. If the elastic modulus as only factor in change of the droplets size to be considered, therefore, the nano-droplet sizes decreased as the interface curvature increased due to the surface-to-volume effects in nano-scale systems [@b0195].

The size distribution of AOT nanometer-sized water droplet comprising the different xanthan gum concentration obtained from DLS measurement with MFD is shown in Figs. 2--4s.

The reorientation time (*τ~r~*) of water nano-droplets containing the xanthan gum biopolymer versus MFD achieved by the Stokes-Einstein-Debye (SED) relation is also shown in [Fig. 7](#f0035){ref-type="fig"}. As observed, changing the reorientation time of micelles upon an external perturbation such as inclusion of an additive resulted in changing in fluidity of a system well [@b0200]. Moreover, according to this figure, for AOT water-in-oil droplet microemulsion containing XG with high concentration (0.0000625), the reorientation time (*τ~r~*) of water nanodroplets decreased with MFD, whereas decreasing the concentration of biopolymer, the rotational correlation time of water nanodroplets increased versus mass fraction of water nanodroplet.

Conclusions {#s0030}
===========

To sum up, the diffusion of nano-scale hydrogels comprising the different XG concentrations at the H~2~O-to-AOT molar ratio of 40 (*W* = 40) and different mass fraction of nano-droplets was studied by dynamic light scattering technique in water-in-decane droplet microemulsion. The nano-gels were formed and dispersed in the bulk phase of decane based on the anionic surfactant of AOT (sodium bis\[2-ethylhexyl\] sulfosuccinate). A single relaxation curve was observed for nanogels, further supporting the fact that addition of XG to the water-comprising AOT reversed micelles. As highlighted by the analysis of dynamic light scattering of micelles, with increasing the concentration of the XG biopolymer, the diffusion coefficient of nanogels increased and size of droplets decreased as mass fraction of droplets increased. Lastly, it was found that enhancing the concentration of XG in the AOT micelles changed the nature of inter-nanogels interaction from an attractive to repulsive force.
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